INTRODUCTION
The term exoelectron emission has been applied to many different properties ranging from emission after abrasion of materials, emission following chemisorption to enhanced photoemission.
A review by Brotzen (1) summarizes the exoslectron emission from metals for the period up to 1967, and Larikov and Baklanova (2) summarize work performed on metal surfaces for the period extending to 1974. Baxter (3) reports studies which will be referred to in this paper as enhanced photoemission. In enhanced photoemission, areas of surface strain and observed by sh;ning light on a metal surface and noting differences in photoyield it areas where surface deformation has occurred. In this study we will concentrate on exoelectron emission from metal surfaces which occurs in the absence of photo stimulation.
Although many of exoelectron emission studies have been performed, few have been performed in the well-controlled environments of ultrahigh vacuum systems. Gesell, Arakawa, and Calicott (4) have observed electron emission from abraded films and evaporated films of magnesium resulting from adsorption of oxygen and water vapor under controlled conditions. Kasemo (5) has observed photon emission (emission of light) from magnesium and aluminum single crystals upon adsorption of oxygen which will be related to exoemission later in this ro.port.
Moucharatieh and Olmsted (6) and Uebbing and James (7) have observed electron emission from vapor deposited cesium films during exposure to oxygen. Uebbing and James have verified that the emission is electrons and not negative ions by use of magnetic fields.
The principal objective of this investigation will be to evaluate the importance of surface strain on exoemission since this is the quantity
of principal importance to tribologists. This objective will be accomplished by examining exoemission from annealed and unannealed single crystals upon admission of gases into an ultrahigh vacuum system. The significance of strain to the emission of electrons will be discussed, and a qualitative model will be proposed for chemically induced exoemission. In this study we will examine exoelectron emission from magnesium and aluminum resulting from the adsorption of oxygen and chlorine in an ultrahigh vacuum system.
LEED (low energy electron diffraction) (8) will be used to establish surface crystalline structure and provide evidence that the magnesium single crystal surface (0001) is strain free. Magnesium will be ion bombardment cleaned and annealed. AES (Auger emission spectroscopy) (8) will be used to demonstrate surface cleanliness and examine the chemical effects of adsorption.
EXPERIMENTAL
The equipment used in this study is a'standard four-grid LEED-AES retarding potential analyzer shown schematically in Fig. 1 . Experiments were performed in a bakeable stainless steel ultrahigh vacuum system. The system is sorption, sublimation and ion pumped and attains pressures in the 1x10 -8 N/m 2 (10 -10 torr) range with filaments hot.
The experimental apparatus for performing the exoemission experiments
Is also shown schematically in Fig. 1 . The current leaving the sample is measured by a Keithley 417 electrometer. The samples used are single crystals of high purity magnesium ((0001) plane) and aluminum ((001) plane).
The samples were discs 2.5 cm in diameter and .2 cm thick. The procedure used in obtaining the data was first to clean the samples by argon ion bombardment at a 1000 eV beam energy and a current density of 2 micro amp/cm2.
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The Mg was then annealed at 300' C. Following annealing the sample was examined by AES in order to establish surface cleanliness. The Mg was then examined by LEED in order to establish that the surface is annealed and strain free. In the case of aluminum, the sample was not annealed and, therefore, was not examined for surface strain. Following examination with LEED and with the sample cooled to room temperature, the exoemission experiment is performed by admitting oxygen or chlorine into the vacuum system through a leak valve to a pressure of typically 6.5x10 -5 N/m2 (5x10 -7 torr). The pressure and the current emitted by the sample were then recorded on a two-pen strip chart recorder. The sample was then examined by AES in order to establish that oxygen had been adsorbed.
All gases used in the study are research grade. Temperatures were measured with a chromel-alumel thermocouple spot welded to the back face of the crystals. All viewing ports were covered during the exoemission experiment in order to guarantee that no external light influenced the results. The experiments were performed with the ionization gauge on and off in order to guarantee that light from the ionization gauge had no effect on the results. Also, the ion pump was turned off in order to verify that the current didn't result from the pump. In addition, once the process was complete, readmission of the gas produced a null result. The exposure was stopped and restarted at various points during the exposure in order to establish whether surface condition determined the nature of the exoemission curves. Also, the pressure dependence of the exoemission curves was observed.
RESULTS

Fig. 2
shows the AES spectrum for magnesium a.ter annealing and after exposure to oxygen for Auger energies ranging from 80 to 600 eV. We can see that the oxygen AES peak is present after exposure, confirming that oxygen has been adsorbed by the surface. In addition, we can see a large change
In background slope indicating a difference in secondary electron yield from the clean and oxygen-exposed surfaces. There are other features present in the clean and oxygenated spectra which do not have the character-Istics of Auger peaks and may be due to diffraction effects in the solid (9) . Fig. 3 shows the LEED pattern for magnesium following annealing at 300° C. We can see the characteristic hexagonal symmetry for the (0001)
surface. The presence of the undistorted LEED pattern gives evidence of the success of annealing the surface damage done in polishing and by ion bombardment. The annealing was also checked by comparing X-ray diffraction Laue patterns (not shown) before placement of the sample in the vacuum system and after removal from the system. Before annealing in vacuum, the Laue patterns showed considerable strain with some double spots. After annealing, the Laue pattern shaved sharp well-defined diffraction spots indicating that bulk strain
In the very soft magnesium had been annealed from the specimen.
Figures 4 and 5
show the exoemission curves for magnesium exposed to oxygen (actual strip chart data). There are a number of interesting features
In the Mg exoemission curves. First, there are two peaks in the emission curves ( Fig. 4 ), and we can see that the emission immediately follows the rise in oxygen pressure to approximately 8x10 -5 N/m 2 (6x10 -7 torr). Finally, when the pressure is cut off we see a drop in the emitted current. In Fig. 5 the pressure is cut off after the first peak starts to decline. In this case the maximum pressure is approximately 1.3x10 -5 N/m 2 (1x10 -7 torr), a factor of four smaller. We see that after cutting off the oxygen pressure, the emission ceases. When we reintroduce oxygen into the system, the emission proceeds from the point where it had ceased. The latter effect occurred regardless of where the oxygen supply was cut off. A final feature of this curve Is that the emission follows the arrival rate of oxygen atoms in that at lower pressure the exoemission peak heights are smaller but the distribution of electrons is spread out; i.e., the rate of electron emission (current) is proportional oxygen arrival rate. The i exoslectron current persists for long times even at the higher pressure;
i.e., the decay of the second peak is very slow at the pressure used.
Chlorine adsorption on Mg gave similar results to oxygen on Mg but the emission curves were less repeatable. Adsorption on aluminum under similar conditions produced a null result; i.e., no electron current was observed to within the sensitivity of the present detection scheme. Fig. 6 shows the low energy AES spectrum (25 eV to 50 eV) for (a) clean magnesium, (b) the spectrum following the development of the first exoemission peak, (c) the spectrum following the development of the second exoemission peak, and (d) the spectrum following a long exposure to oxygen. We can see that following the first peak there is no change in the AES spectrum whereas following the second peak the spectrum changes substantially.
DISCUSSION
The present results demonstrate several points. It is possible to obtain exoemission from a clean annealed single crystal. This rate of emission is dependent on the arrival rate of oxygen atoms at the surface.
The current can be obtained when there is no light present to stimulate emission. There is a structure to the emission curves (two peaks) indicating that more than one process may be occurring. Emission occurred from a strain free surface (magnesium) but did not occur from an ion-bombardment damaged surface (aluminum). 6 Similar results have been observed by Gesell, at. al. (4) although not for a strain free surface. Gesell exposed both abraded and evaporated films of magnesium and aluminum to oxygen. Gesell also observed two peaks and the arrival rate dependence for electron emission on magnesium and also obtained a negative result with aluminum. Kasemo (5) exposed clean aluminum and magnesium to oxygen but looked at the emitted light rather than the emitted electrons. He observed photon emission from both aluminum and magnesium and also observed the oxygen arrival rate dependence of the photon emission. In addition, he observed that light emission occurred at two photon energies for each element upon dispersive analysis.
The primary purpose of this study was to demonstrate exoelectron emission from a clean annealed single crystal of magnesium with modern surface research tools that enable characterization of the surface. The specific emphasis was to determine whether electron emission would occur from a strain free surface in order to determine the relevance of exoemission to tribology.
It was found that electron emission could be entirely chemically induced with no surface strain needed. It is of interest, therefore, to discuss these results in terms of possible physical mechanisms for the emission and to point out necessary experiments that should be performed in order to clarify these mechanisms. The present results will be discussed in terms of previously These results would suggest that exoemission is energetically possible for Al and Mg exposed to oxygen but not for Mg exposed to chlorine.
The experimental observations are that Mg exposed to oxygen or chlorine produces exoelectrons whereas Al exposed to oxygen does not. We should emphasize that the interaction of aluminum with oxygen demonstrates an energy argument by itself is insufficient to predict exoemission. It was pointed out earlier that tha current emitted depended upon the arrival rate of oxygen atoms at the surface. Therefore, the sticking coefficient of atoms to the surface determines the rate of interaction with an incident oas for given pressure. Fluggel, at. al. (13) found that it takes an exposure six times greater for Al than for Mg to form a monalayer film which they define as the point at which the uptake of ox i rden dropped to approximately zero. 'We can conclude from these results that tree oxygen sticking coefficient to Al is substantially lower than to Mg and talus a higher pressure is needed for aluminum in order to obtain comparable emission current. Unfortunately, in the present study interaction of oxygen with the ionization gauge and with the ion pump produce currents which obscure the exoemission currents in the 10 -4 N/m2 (10 -6 Corr) pressure range. In addition, the present detection scheme which was similar to
Gesell's (4) was limited in sensitivity because of signal to noise problems to about 1x10 -13 amps. Other experimenters (1, 2) used electron multipliers for detection. However, in the event that the emission from aluminum is present but below detection sensitivity, it is necessary to explain why on the basis of a chemical model why emission from aluminum is so much lower than emission from magnesium.
A second and probably additional consideration of importance with aluminum is the work function change with adsorption relative to magnesium. observed the same features, explained them in terms of two work function minima which occurred during oxygen exposure (14) . In the present study the p oxygen exposure was stopped after the establishment of the first peak and a for energy AES spectrum taken then oxygen was reintroduced and an AES trace taken after the formation of the second peak, and finally an AES spectrum after a long oxygen exposure was taken. This data is shown in Fig. 6 . It is known that upon oxidation the low energy magnesium peak shifts its position tram 45 eV to 34 eV (17) . We cam see that after the first exoemisslon peak no change from the clean AES spectrum occurs; after the second, a considerable change occurs shoving a growth of the oxidized magnesium peak and a decrease of the clean magnesium peak. The results for a long oxygen exposure are included for comparison. This result suggests that the first peak may be a result of pure chemisorption, and the second may represent nucleation of the oxide. This result is not necessarily in conflict with Gesell's observations (15) . In addition, Kasemo (5) NASA-Lewis
